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ABSTRACT 
THE DETERMINATION OF CYANIDE 
ION IN NATURAL WATERS WITH A 
SELECTIVE ION ELECTRODE 
The analysis of cyanide ion in natural water systems is complicated by 
the fact that natural waters contain certain metal ions which form ex­
tremely stable metal-cyano complexes. Current methods involve distil­
lation techniques to separate cyanide from the sample in order to per­
mit the analysis. However, certain metal-cyano complexes are so stable 
thermodynamically and release complexed cyanide so slowly that even 
those methods are not very satisfactory. 
We have investigated an approach to secure the release of cyanide ion 
in the water sample so that a direct measurement with a selective ion 
electrode can be used. The proposed technique is based upon the addition 
of an organic ligand to the sample which will form a metal complex suf­
ficiently stable to release a quantitative amount of cyanide from metal­
cyano complexes. 
We have shown that the complexing agents investigated will release 60-80% 
of complexed cyanide during simultaneous reflux and irradiation by a 
mercury lamp. Evidently this represents a state of equilibrium between 
complexed ligand and cyanide. The complexing agents, therefore, do not 
form metal complexes sufficiently stable to free enough cyanide ion to 
permit an analysis for the total cyanide ion concentration. 
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INTRODUCTION 
This project was designed to develop a method for the determination 
of the cyanide content of natural waters using the cyanide ion electrode. 
The method would permit the determination of both the free cyanide and the 
total cyanide content in natural waters. The principle obstacle to the 
direct determination of cyanide in aqueous solutions is the tendency for 
cyanide ions to form extremely stable complexes with the metal ions com­
monly found in natural water systems. 
It has been found that the conventional hydrolysis-distillation ana­
lytical method for cyanide determination is unsatisfactory since that tech­
nique cannot completely separate complexed cyanide ion for direct chemical 
analysis. In order to use the cyanide ion-selective electrode for total 
analyses, all cyanide must be released from metal complexes since the 
electrode responds only to free ions in solution. 
There have been a number of recent studies of the application of the 
cyanide ion electrode to the determination of cyanide in aqueous systems 
containing metal ions. 3 • 4 • 5 • 7 Schleuter5 and Penland and Fischer4 have
shown that the cyanide electrode yields better results for the analysis 
of cyanide than the usual titration and colorimetric methods. Schleuter5
and Higashiura3 have demonstrated that the metal-cyano complexes of Fe(II),
Ni(II) and Cu(II) cannot be decomposed at high pH or in the presence of 
EDTA. However, EDTA has been shown to partially decompose the copper-cyano 
complex in aqueous solution. 5
Schleuter 5 has suggested that, as a result of the results with EDTA,
other metal-complexing agents should be investigated for the release of 
cyanide from metal-cyano complexes. 
2. 
Goulden, et. al.2 reported a distillation method for analysis of 
complex cyanides in which sulfide ion is added to the solution to pre­
cipitate released metal ions in order to favor the release of cyanide 
ion. In their method, the sulfide-containing solution is irradiated 
during the distillation process with phosphoric acid being added to the 
solution to protect against cyanide oxidation. We attempted a series of 
reflux experiments of our systems to which sulfide and phosphoric acid 
were added. 
The recent study by Sehl euter5 demonstrated adequately that the
cyanide electrode responds only to the activity of free cyanide ions in 
solution. Complexed cyanide has absolutely no effect on the potential 
of the cyanide electrode.1 As we shall see later, the presence of organic 
ligands does not significantly affect the response of the cyanide ions 
in solution. 
Our goal was to develop a method in which an organic complexing agent 
could be added to a sample of water containing metal-cyano complexes under 
conditions which would quantitatively free the complexed cyanide by form­
ation of a metal-organic ligand and complex. The resulting solution would 
then be treated with an ionic strength-adjustment buffer, and the cyanide 
concentration would be determined by using a selective ion electrode. We 
did not intend to use any distillation or extraction methods as a simple 
and direct procedure was the object of this study. 
The specific objectives of our project were: 
1. To screen a series of metal complexing agents to find those
with sufficiently large metal complex fonnation constants to quantitatively 
free complexed cyanide ions so that a direct non-distillation method for 
cyanide ion analysis could be developed. 
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4. 
MATERIALS AND METHODS 
Table 1 lists relevant information about the ligands and metal-com­
plex salts used in this investigation. These compounds were used without 
further purification. Measurements of pH and free cyanide ion concentra­
tion were carried out using a Beckman Research pH meter. Cyanide ion 
activity was measured using the Orion Cyanide Ion Electrode, Model No. 
94-06A versus a saturated calomel electrode. Periodically, the surface 
of the cyanide electrode was polished with a commercial toothpaste prepar­
ation in order to prevent erratic response from surface coatings which 
developed after prolonged use of the electrode. 
Standard stock solutions of organic ligands were prepared at a con­
centration of 10-l molar and pH 12 by weighing an appropriate amount of
each ligand and dissolving in deionized water, using lOM NaOH to adjust to 
a final concentration of 10-3 molar NaOH. Desired solutions of ligands and 
metal-cyano complexes were prepared by volumetric dilution of the stock 
solution and pH adjustment using lOM NaH2Po4. 
Reflux was carried out in standard-taper glassware using a heating 
mantle. Solutions were degassed for 15  minutes by bubbling N2 gas through
the solution. During reflux, N2 was slowly swept through the system above
the solution surface in order to minimize air-oxidation of cyanide ion in 
solution. 
The effect of photolysis on the exchange of ligand and cyanide in the 
metal complexes was evaluated. Solutions were irradiated with a 450 watt 
mercury lamp placed within 3 inches of the reflux vessel containing the 
solution. In all irradiation studies, the system was kept under an inert 
atmosphere of nitrogen. 
5. 
Table 1: Metal complex salts and organic complexing agents used 
in this investigation. 
Metal complex salt 
K4Fe(CN)6 ' 3H20 
Na2Fe(CN)5
(NO) ' 2H20 
K3Co(CN)6
K2Hg(CN)4
Organic Complexing Agent 
EDTA, (Ethylenedinitrilo)-tetraacetic acid, disodium salt 
DTPA, Diethylenetriamine pentaacetic acid 
OCTA, 1,2 Diaminocyclohexane tetraacetic acid 
EDDPA, Ethylenediaminedi (o-hydroxy-phenylacetic acid) 
TTHA, Triethylenetetramine hexaacetic acid 
*Sources of supply:
1. Matheson, Coleman and Bell Mfg. Chemists, Norwood, Ohio.
2. Apache Chemicals, Inc., Seward, Illinois.
3. Laboratory synthesized, Inorganic Syntheses.
4. K and K Laboratories, Plainview, N.Y.
Source* 
1 
1 
2 
3 
Source* 
1 
4 
4 
4 
4 
Twenty solutions containing different  combinations of a metal-cyano com- 
plex and organic 1 igand were prepared. The solution pH was adjusted to  
pH 11.5 and degassed with nitrogen. The solutions were then refluxed 
for  varying periods of time under an atmosphere of nitrogen. In each 
case the molar concentration of metal-cyano complex was carefully adjusted 
to  a concentration of 1 0 ' ~  moles/l i t e r .  The ef fec t  of concentration of 
organic 1 igands on cyanide release was studied by carrying out two complete 
ser ies  of experiments where organic ligand concentration was moles/ 
1 i t e r  and lo-' moles/liter. ( i  .e. lox and lOOx the concentration of 
metal-cyano complex.) After the indicated period of solution reflux, the 
solution was allowed to cool to  room temperature under the protection of 
the nitrogen atmosphere and f ree  cyanide ion concentration was determined 
as described by ~ c h l e u t e r .  ' Solutions were prepared which were molar 
in ferricyanide ion and lom3 molar in organic complexing agent. Two con- 
t rol  solutions of 5 x molar CN-, one containing EDTA a t  molar 
were included to determine whether s ignif icant  cyanide ion oxidation 
occurred during the radiation process. The solutions were subjected to 
radiation from a mercury lamp while under reflux fo r  5, 15, 30, and 60 
minutes. 
RESULTS 
Resul ts  of t h i s  i r l v e s t i g a t i o n  w i  11 be presented i n  two sect ions,  
r e f l e c t i n g  t h e  2  types of experiments. 
P a r t  I: 
The f i r s t  phase o f  t h i s  study i nvo l ved  determin ing t h e  e f f ec t  o f  time, 
concent ra t ion  and l i g a n d  on the  exchange o f  cyanide i o n  f o r  d i f f e r e n t  o r -  
ganic  1  igands i n  four  d i f f e r e n t  metal -cyan0 complexes. The r e s u l t s  a re  
summarized i n  Tables 2  and 3. 
S to i ch iome t r i c  re lease o f  cyanide by t h e  var ious complexes would 
r e s u l t  i n  t h e  f ree  cyanide i o n  concent ra t ions  1  i s t e d  i n  Table 4. 
An examination o f  Tables 2  and 3  shows t h a t  t h e  metal-cyano complexes 
of Fez', Fe3', co3' and H ~ "  a r e  o n l y  p a r t i a l l y  s u b s t i t u t e d  by t h e  f i v e  
o rgan ic  1  igands under considerat ion.  It i s  we1 1  -known t h a t  exchange r a t e s  
f o r  cyanide removed from i r o n  and c o b a l t  a re  q u i t e  slow,' and t h i s  behavior 
i s  i l l u s t r a t e d  by t h e  data shown. The amounts o f  CN- re leased be fo re  
r e f l u x  a re  very  s l i g h t  except i n  t h e  case o f  H~'' where approximately h a l f  
of t h e  CN- appears as f r e e  ions.  On t h e  o t h e r  hand, i r o n  and c o b a l t  com- 
plexes r e q u i r e  t h e  h igher  temperature o f  r e f l u x  cond i t i ons  t o  e f f e c t  even 
a  10% re lease a f t e r  a  pe r i od  o f  one hour. 
I n  general ,  a l l  o f  t h e  s o l u t i o n s  show a  decrease i n  CN- concentra- 
t i o n  a t  5 hours o f  r e f l u x  compared t o  one hour. The cause o f  t h i s  phenom- 
enon becomes apparent when we examine t h e  data f o r  c o n t r o l  s o l u t i o n s  i n  
Tables 2  and 3  where s o l u t i o n s  o f  6 x  10 '~  molar CN- a re  r e f l u x e d  i n  t h e  
presence o f  t h e  var ious l igands .  I n  a l l  cases t h e  c o n t r o l  s o l u t i o n s  show 
a  decrease o f  CN- concent ra t ion  as t ime o f  r e f l u x  increases. Th is  i n d i c a t e s  
t h a t  c a r r y i n g  o u t  t h e  r e f l u x  procedure under a  n i t r o g e n  atrrlosphere does no t  
prevent  t h e  o x i d a t i o n  o f  CN- t o  t h e  cyanate ion,  CNO-. 
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Metal Salt 
Control 
[CN-I = 6 x 
Li gand 
EDTA 
DTPA 
DCT A 
EDDPA 
TTHA 
Table 2. (cont'd) 
Free Cyanide Conc., moles/liter 
Before Ref1 ux 1 hr. reflux 5 hr. reflux 
Table 3. 
E f f e c t  o f  r e f l u x  t ime on exchange o f  cyanide i o n  i n  metal complexes by var ious organic l igands.  
I n  each case, metal complex concentrat ion i s  ~ o - ~ M  and l i gand  concentrat ion i s  ~ o - ~ M .  
Free Cyanide Concentration, mol e s / l  
Metal S a l t  L i  gand Before r e f  1 ux 1 hr .  r e f l u x  5 hr .  r e f l u x  
EDTA 
DTPA 
DCTA 
EDDPA 
TTHA 
E DTA 
DT PA 
DCTA 
EDDPA 
TTHA 
E DTA 
DTPA 
DCTA 
EDDPA 
TTHA 
E DTA 
DTPA 
DCTA 
EDDPA 
TTHA 
Metal S a l t  
Contro l  
[CN] = 6 x 
L i  gand 
EDTA 
DTPA 
DCTA 
EDDPA 
TTHA 
Table 3. (cont 'd . )  
Free Cyanide Concentrat ion, mo les / l  
Before r e f  1 ux 1 h r .  r e f l u x  5 h r .  r e f 1  ux 
Table 4: To ta l  CN- concentrat ion i s  moles per l i t e r  r e s u l t i n g  from 
s t o i c h i o m e t r i c  re lease from metal cyano complexes a t  1 o - ~  mol ar .  
S a l t  
- Sto ich iomet r i c  CN-, moles/ l  i t e r  
K4Fe(CN)6 3H20 6 x 
Na2Fe(CN)&NO) 2H20 5 
K3C0(CN)6 6 x 
K2H9 (CN) 4 4 
The conclus ion t o  be drawn from t h i s  se r i es ,  then, i s  t h a t  t h e  
organic  1  igands do no t  form s u f f i c i e n t l y  s  tab1 e  metal complexes t o  resu l  t 
i n  t h e  re lease o f  q u a n t i t a t i v e  amounts o f  cN- i n  so lu t i ons  o f  t h e  rnetal- 
cyano compl exes. Furthermore, f o r  t h e  compl exes which undergo s l  ow ex- 
change, t he  e levated r e f l u x  temperatures o f  t h e  s o l u t i o n  a r e  such t h a t  
s i g n i f i c a n t  amounts o f  cyanide a re  ox id i zed  t o  a  form which cannot be 
sensed by the  cyanide i o n  e lec t rode.  
P a r t  11: 
Because r e a c t i o n  t imes were q u i t e  lengthy,  we undertook a  study t o  
determine whether u l t r a v i o l e t  r a d i a t i o n  would a c t i v a t e  t h e  complexes suf- 
f i c i e n t l y  t o  increase t h e  1  igand exchange ra tes .  Since t h i s  s tudy was 
begun near the  end o f  t he  p r o j e c t ,  we r e s t r i c t e d  our  measurements t o  t h e  
3 - f e r r i c y a n i d e  ion ,  Fe(CN)6 . We chose t h i s  i o n  because o f  t h e  ub iqu i tous  
d i s t r i b u t i o n  o f  t he  f e r r i c  i o n  i n  na tu ra l  waters and because o f  t h e  slow 
exchange r a t e  o f  t h e  f e r r i c y a n i d e  ion.  The r e s u l t s  o f  t h i s  p o r t i o n  o f  t h e  
s tudy a r e  shown i n  Table 5. 
The f i r s t  s e t  o f  experiments which were conducted i n  t h i s  p a r t  o f  t h e  
study i nvo l ved  attempts a t  cyanide exchange by t h e  var ious organ ic  l i gands  
w i thou t  deoxygenation and p r o t e c t i o n  o f  the  s o l u t i o n  w i t h  an i n e r t  atmos- 
phere. Those p re l im ina ry  experiments showed a  dramatic e f f e c t  due t o  t he  
o x i d a t i o n  o f  f r e e  cyanide ions  i n  s o l u t i o n .  As seen above, i f  t h e  solu- 
t i o n s  a r e  i r r a d i a t e d  dur ing  r e f l u x ,  exchange r a t e s  a re  increased s u f f i c i e n t l y  
t h a t  o n l y  minor o x i d a t i o n  o f  re leased cyanide i o n  occurs. 
Table 5 i nd i ca tes  t h a t  t h e  c o n t r o l  so lu t i ons  were n o t  ox id i zed  t o  any 
s i g n i f i c a n t  degree du r i ng  the  course o f  the experiment showing t h a t  f o r  t h e  
per iods o f  t ime chosen, t h e  f r e e  cyanide ions  i n  s o l u t i o n  were probably  no t  
Table 5. 
Ef fec t  of t i m e  on exchange o f  CN- by o rgan i c  l i g a n d s  f rom ~ e ( ~ t 4 ) ~ ~ -  complex d u r i n g  r e f l u x  and U.V. 
i r r a d i a t i o n .  Meta l  complex concen t ra t  i o n  i s  I O - ~ W ,  1  i gand concen t ra t i on  i s  IO-~M.  
Sampl es 
Free CN- concen t ra t i on  a f t e r  r e f l u x  under U.V. Rad ia t i on  f o r :  
5  min. 15 min. 30 min. 60 min. 
Std.. 5  x  ~ O - ~ M C N -  3.68 x  4.75 4.21 x  4.24 x  
i n  H20 
Std., 5  x  ~O-~I.ICN' 4.22 x  l o e 4  5.16 x  4.24 x  4.04 x  
i n  EDTA s o l u t i o n  
loe4\  F ~ ( c N ) ~ ~ -  
i n :  
1. EDTA 
2. DTPA 
3. DCTA 
4. l l H A  
af fec ted .  For those s o l u t i o n s  conta in ing  f e r r i c y a n i d e  i o n  and organic 
l igands,  approximately 60-80% o f  t he  complexed cyanide i o n  i s  released 
w i t h i n  30 minutes. 
This shows t h a t  a1 though the  exchange r a t e  o f  t he  rnetal complexes 
i s  increased by rad ia t i on ,  and a1 though the  i n e r t  n i  t r oge r~  atmosphere 
prov ides adequate p r o t e c t i o n  from ox ida t ion ,  t he  equi 1 i b r i u ~ n  s t a t e s  o f  
these systems are  no t  favorable t o  t h e  re lease o f  f r e e  cyanide i o n  i n t o  
s o l u t i o n  f o r  the  determinat ion o f  t he  t o t a l  cyanide content  by t h e  method 
proposed here. 
SUMMARY AND CONCLUSIONS 
I n  at tempt ing t o  develop a simple, d i r e c t  method f o r  the  quant i ta -  
t i v e  determinat ion of t o t a l  cyanide i n  na tu ra l  waters we have i nves t i ga ted  
a se r ies  of organic complexing agents known t o  form extremely s t a b l e  com- 
plexes w i t h  metal ions  commonly found i n  those na tu ra l  systems. These com- 
plexes d isp lace cyanide ions  i n  metal-cyano complexes forrned by metal ions  
and cyanide ions i n  water samples. The o b j e c t  o f  the  study was t o  i d e n t i f y  
o rgan ic  complexing agents which would form metal complexes of s u f f i c i e n t  
s t a b i l i t y  t o  e f f e c t  a q u a n t i t a t i v e  re lease o f  complexed cyanide ions per- 
m i t t i n g  i n  s i t u  ana lys is  o f  t o t a l  cyanide i o n  w i t h  a s e l e c t i v e  i o n  e lect rode.  
The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  show tha t ,  i n  t h e  case o f  t he  f i v e  
complexing agents inves t iga ted ,  an e q u i l i b r i u m  was es tab l ished under which 
some 60-80% o f  complexed cyanide was released. The re lease was accomplished 
by r e f  1 ux ing a s o l u t i o n  conta in ing  metal -cyan0 complex and organ ic  complex- 
i n g  agent under a p r o t e c t i v e  atmosphere o f  n i t rogen.  Prolonged r e f l u x  
r e s u l t e d  i n  some ox ida t i on  o f  f r e e  cyanide ion. I n  o rder  t o  increase the  
r a t e  of o rgan ic  1 igand-cyani de exchange, we i r r a d i a t e d  the  r e f  1 ux vessel 
w i t h  a mercury lamp. The exchange r a t e  was increased s u f f i c i e n t l y  t h a t  
equi 1 i brium was reached before  appreciable o x i d a t i o n  occurred. 
Although none o f  the organic l i g a r ~ d s  a re  s u i t a b l e  f o r  the  d i r e c t  ana- 
l y t i c a l  determinat ion o f  cyanide, t h i s  techr~ ique shows promise f o r  an a1 t e r -  
nate method o f  analys is .  I f  the so lh t i ons  were i r r a d i a t e d  w h i l e  a d i s t i l l a -  
t i o n  i s  c a r r i e d  out, the  cyanide ions would be v o l a t i l i z e d  as HCN and 
r a p i d l y  removed from t h e  so lu t i on .  This technique would be an a1 t e r n a t i v e  
t o  the  technique o f  Goulden, e t .  a 1 . l  i n  which s u l f i d e  i o n  i s  added t o  the  
sample t o  p r e c i p i t a t e  meta l  i ons  f rom complexes. T h i s  techn ique  would 
a1 low t h e  r a p i d  sepa ra t i on  o f  cyanide i ons  even from c o b a l t  and i r o n  
complexes which a r e  e x c e p t i o n a l l y  s t ab le .  F u r t h e r  s t u d i e s  on t h i s  system 
w i l l  i n v o l v e  t h e  a p p l i c a t i o n  o f  ou r  r e s u l t s  t o  a  d i s t i l l a t i o n  techn ique  
f o r  cyanide ana l ys i s .  
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